We propose a method to separate enantiomers using parity violation in the Casimir-Polder potential between chiral mirrors and chiral molecules. The proposed setup involves a molecular beam composed of chiral molecules passing through a planar cavity consisting of two chiral mirrors. Enantiomers of opposite handedness are deflected differently due to a chiral dependence of the CasimirPolder potential resulting in the separation of the enantiomers. Our setup provides an alternative experimental tool for enantiomer separation, as well as to shed light on the fundamental properties of the Casimir-Polder potential.
Many molecules are chiral which can exist in left-and right-handed forms (i.e., non-superimposable mirror images). These two forms of a chiral molecule are known as enantiomers. Distinguishing two types of enantiomers is of great practical importance. For example, in designing pharmaceuticals, it is necessary to choose the right enantiomer to obtain the desired effects since the other enantiomer is less active, inactive, or can even have adverse side effects, including high toxicity. Developing technologies that separate enantiomers are highly demanded in order to improve pharmacy by introducing medicines composed of only one enantiomer which enhance the desired effects, while eliminating the side effects [1] .
In addition, chiral molecules are relevant to the fundamental problem of parity violation: It has been predicted that the electroweak force affects left-and right-handed chiral molecules differently and that enantiomers do not have the same electronic energies due to the parity violating weak neutral current interaction mediated by Z 0 bosons [2] [3] [4] . It has been also proposed that this energy difference may be related to the primary cause of the symmetry breaking that led to the emergence of homochirality in the early universe [5] . Detection of the energy difference is one of the most important physics experiments that has not been accomplished so far [6] .
Common methods for chiral separation include chromatography [7] and crystalization [8] . Here we propose a method for the analysis and separation of chiral molecules that is based on the Casimir-Polder (CP) potential.
CP forces are effective quantum electrodynamical forces between neutral, unpolarised molecules and macroscopic bodies which arise from the interaction of the objects' charge and current densities with the vacuum * fumika@chem.ubc.ca † momose@chem.ubc.ca ‡ stefan.buhmann@physik.uni-freiburg.de electromagnetic field. Originally predicted by Casimir and Polder, they are typically attractive and purely monotonous for ground-state molecules and bodies with a purely electric response [9] . It was later seen that both the direction and distance dependence of the potential changes when considering excited molecules. Here, the possibility that the molecule emits a real photon which gets reflected off the body and subsequently reabsorbed leads to a potential whose sign depends on the relative phase of emitted and reabsorbed photons [10, 11] . Depending on the detuning between the radiation emitted by the molecule and the plasmonic resonances of the body, the potential can be attractive or repulsive in the near zone [12] while oscillating with distance in the far zone [13] ; and the potential may strongly exceed its ground-state counterpart. In addition, the sign of the CP force may depend on the electromagnetic response of the interacting objects. Motivated by similar findings for the Casimir force by Boyer [14] , it was found that CP forces due to interactions of electric atoms with magnetic surfaces-or vice versa-are repulsive [15] [16] [17] predicted for circularly polarised atoms interacting with axionic topological insulators [18] and-most crucially for this work-for chiral molecules interacting with chiral surfaces. Here the forces are attractive for objects of the same handedness and repulsive for opposite handedness [19] .
The chiral component of the CP potential is hence sensitive to the handedness of molecules and can be attractive or repulsive depending on their chirality. The effect is due to the fact that the CP potential between a chiral molecule and a chiral mirror depends on the optical rotatory strength of the molecule which is a pseudoscalar that changes sign under a parity inversion [20] . The potential could hence be used to differentiate enantiomers of opposite handedness. Since the chiral component changes its sign depending on chirality of molecules, it would be possible to identify the handedness of the chiral molecule by setting up a Stern-Gerlach type discriminator for enantiomers. Note that while the electric component of the CP force has been observed [21] , here we aim to measure its chiral component which has not yet been observed.
In our proposed setup, we use the molecular beam deflection technique. We let a molecular beam composed of chiral molecules pass through in a planar cavity consisting of two chiral mirrors (FIG. 1) . Although the electric component of the CP force between the cavity and the molecules acts on both left-and right-handed molecules in the same way, the chiral component can be attractive or repulsive depending on the handedness of the molecules, consequently enantiomers of opposite handedness can be deflected differently and be separated. Since the electric component of the interaction depends on the electric dipole strength, while the chiral component depends on the optical rotatory strength of the molecules, chiral molecules with its optical rotatory strength being large compared to its electric dipole moment should be used in the experiment. In this article, we use 3-methylcyclopentanone (3-MCP) as an example for a quantitative analysis. To exploit the enhanced excited-state CP force, the molecules are subject to a weakly detuned driving laser while passing the cavity.
Within the framework of macroscopic quantum electrodynamics [22, 23] , one can show that the CP potential U CP between the cavity and the chiral molecule (which is approximated as two-level system) driven by a laser field is given by [24, 25] 
where the populations of the ground state p 0 (t) and that of the excited state p 1 (t) are written as
Note that the coherence of the two states gives rise to an additional term which oscillates with optical frequencies and is hence unobservable. Ω is the Rabi frequency and the detuning ∆ = ω L − ω 10 . ω 10 is the molecular transition frequency and ω L is the driven frequency of the laser. We choose ω L ≈ ω 10 to ensure a large excitedstate population. The potential for the molecule in the ground state is U 0 = U 0e + U 0c , and that for the molecule in the excited state is U 1 = U 1e + U 1c , where the electric components of the potential are given by
while its chiral components are given by [19] The scattering Green's tensor G(r, r, ω) for our cavity setup can be written as [26] 
where the polarization sum runs over s− and p−polarizations, D = I − e 2iak ⊥ R · R , k || and k ⊥ are the components of the wave vector parallel and perpendicular to the surface of mirrors respectively and
, a is the distance between two mirrors (i.e., the width of the cavity). We discarded terms that are independent of the position of the molecule z (0 < z < a). The left mirror is located at 0, while the right mirror is located at a. R = −r e r c −r c r e and R = −r e −r c r c r e are reflection matrices of the left mirror and the right mirror respectively. We assume that the two mirrors have opposite chirality. The superscript (σ1,σ2) represents the element (σ 1 , σ 2 ) of the matrix. When r c = 0, we have two normal mirrors and the chiral components of the potential (4) vanish. On the other hand, for two chiral mirrors with r c = 0 while r e = 0, the electric components of the potential (3) vanish and the chiral components become dominant. For our purposes, it is desirable to introduce two mirrors which are nearly perfect chiral mirrors with r c ≈ 1, r e ≈ 0 so that the chiral components would be enhanced while the electric components would be reduced. Note that while the resonant CP potential only depends on the reflection coefficients at a single molecular transition frequency, we neglect the frequency-dependence of the reflection coefficients for the non-resonant potential which governs the ground-state potential, leading to an over-estimation of the latter.
The 3-MCP molecules exhibit electric circular dichroism (ECD) by absorbing left-and right-circularly polarized light differently by electric transitions in the ultraviolet region. For the S 0 → S 1 excitation of the molecule, the electric transition dipole |d 01 | = 2.44 × 10 −31 Cm, the optical rotatory strength |R 01 /c| = 8.07 × 10 −63 C 2 m 2 , and the vertical S 0 − S 1 excitation energy ω 10 = E 1 − E 0 = 4.24 eV (ω 10 = 6.44 × 10 15 s −1 ) [27, 28] . Since the ratio |d 01 | 2 /|R 01 /c| = 7.38 is relatively small, the strength of the chiral component of the potential is comparable to its electric component for the molecules. Note that the alternative use of molecules with vibrational circular dichroism has challenges due to the weakness of the CP force (3), (4) which depends on the frequency of photons and its dependance on the temperature caused by thermal photons in the infrared region [29] [30] [31] .
The molecule in the excited state has the resonant contributions to the CP potential caused by real photons. When the molecule is far away from the mirrors (i.e., z, a − z > λ 10 = 2πc ω10 ), they are generally dominant over the non-resonant contributions from virtual photons. It is for this reason that we introduce a laser field to drive the molecules to excite them. In FIG. 2 , the electric com-ponent and the chiral component of the CP potential experienced by 3-MCP molecule near the left mirror with the parameters above are plotted respectively with the cavity width a = 1 mm (Supplemental Material). The chiral component of the CP potential in the figure is the one acting on the right-handed molecule, and it changes sign for the left-handed molecule. Since the right mirror has opposite chirality from the left mirror, the righthanded molecule sees the chiral component with opposite sign near the right mirror. The magnitude of the electric component of the CP potential depends on the reflection coefficient r e , while that of the chiral component depends on r c . The magnitude of the CP potential increases linearly as the reflection coefficient increases. For 3-MCP molecules, we see that the magnitude of the electric component of the CP potential is similar to that of the chiral component when r c is large enough compared to r e (∼ 10 times larger).
In [32] , a strong enhancement of the CP potential was observed when the cavity width a is equal to a half integer multiple of the molecular transition wavelength if the cavity width contains only a few molecular transition wavelengths. Here we chose a realistic setup with a = 1 mm where such enhancement can not be observed and rather the CP potential behaves as if it is the sum of two independent CP potentials created by two mirrors. In such a case, the potential far away from the mirrors is negligible, and it only becomes significant when the molecule is very close to the mirrors as shown in FIG.  2 . Therefore our results presented in this article can be used even for the setup with a single chiral mirror, and the cavity setup here is only used for the purpose of constraining molecular beam inside the cavity.
Next, we study trajectories of 3-MCP molecules in the cavity. The CP force can be obtained by F CP = −dU CP /dz where U CP is given in (1). We set r c = 0.8, r e = 0.05 and the width of the cavity a = 1 mm. The mass of one 3-MCP molecule is approximately equal to 1.63 × 10 −25 kg. We choose a laser intensity I = 5W/cm 2 and a Rabi frequency Ω = 2|d 01 |(2πI/c) 1/2 / = 1.42 × 10 7 s −1 [33] . We adjust the laser frequency ω L to approximately match the resonance frequency ω 10 with the detuning ∆ = ω L −ω 10 = 2π ×0. (FIG. 4 (a, below) ), while the opposite behavior of the left-handed and right-handed molecules can be observed near the right mirror (FIG. 4 (a, above) ). When |v 0z | is smaller than 0.7 mm/s, both molecules can not overcome the potential barrier and get reflected back to the center of the cavity (FIG. 4 (b) ). In this way, we aim to collect the right-handed molecules near the right mirror, and the left-handed ones near the left mirror respectively.
We now consider the molecular beam initially injected to the center of the cavity (i.e., initial position of molecule z 0 = 0.5 mm) with distribution for initial velocities in z-direction being a Gaussian distribution with mean 0 mm/s and standard deviation 0.4 mm/s. The time evolution of positions of molecules can be obtained numerically (FIG. 4 (c) ). As can be seen, ∼ 10% of right-handed molecules and left-handed molecules get collected in the vicinity of the right mirror and of the left mirror respectively after ∼ 1 second.
A more efficient separation can be realized when the molecules have initial velocities toward one of the mirrors. For example, if the distribution for initial velocities is a Gaussian with mean 0.8 mm/s and a standard deviation 0.1 mm/s so that the molecules move toward the right mirror initially, around 90% of right-handed and left-handed molecules get collected near the right and the left mirror respectively after ∼ 1.5 seconds, with the remaining 10% staying around the center of the cavity (FIG. 5) .
To summarise, we have presented a realistic proposal for a Stern-Gerlach type separator for chiral enantiomers based on discriminatory CP forces. We have shown that the enantiomer-selective excited-state CP force due to electric molecular dichroism is most suitable for this purpose. It exhibits pronounced repulsive potential barriers when using chiral mirrors which selectively repel only one of the two enantiomers while attracting the other. By sending a molecular beam through a cavity formed by two mirrors of opposite chirality, each enantiomer gets attracted to one mirror and repelled from the other, leading to an efficient separation.
Two alternative might be considered in order to potentially improve our scheme. First, while we use an exciting laser parallel to the plates, one could also consider an evanescent laser field emerging from the chiral mirrors themselves. The resulting light force could possibly be designed to enhance chiral effects. Secondly, the use of curved mirrors would lead to a stronger mode confinement and associated enhancement of the CP potential. This could be particularly useful for molecules with vibrational dichroism, where the potential is weak to start with, but cavity enhancement can be made particularly strong as the respective transitions are in the microwave regime.
